Lowering protein level in diets for piglets urge to have knowledge on the piglet's requirements for essential amino acids (AA) and their interactions. The present studies aimed to determine the interaction between the dietary level of valine (Val) and tryptophan (Trp) and the effect of AA imbalance at two levels of dietary Val on the growth performance of post-weaning piglets. In Experiment 1 (duration 4 weeks), the effects of supplementation of free L-Val (1.0 g/kg) and/or L-Trp (0.5 g/kg) in a low-CP diet (CP 17.7%), marginal in Trp and Val, was studied in a 2 × 2 factorial design and using an additional reference treatment (CP 19.5%). In Experiment 2 (duration 5 weeks), the influence of a stepwise increase in excess supply of isoleucine (Ile), histidine (His) and leucine (Leu), up to 10, 10% and 30% relative to their requirement values respectively, was evaluated at 60% or 70% standardized ileal digestible (SID) Val relative to SID lysine, using a 3 × 2 factorial design. In Experiment 1, over the whole experimental period, feed intake (FI) was affected by dietary Trp level (P < 0.05) and feed conversion ratio (FCR) by both the level of Trp and Val in the diet (both P < 0.05). Increasing Trp level increased FI and decreased FCR while increasing dietary Val level reduced FI and increased FCR. For BW gain (BWG), there was an interaction between dietary level of Trp and Val (P < 0.05). Valine supplementation decreased BWG using a diet marginal in Trp, whereas it increased BWG when using a Trp sufficient diet. Piglets fed the low-CP diet with adequate levels of Val and Trp showed at least same performance compared to piglets fed the high CP reference diet. In Experiment 2, increasing dietary Val improved FI and BWG (P < 0.001) and tended to improve FCR. Dietary AA excess for Ile, His and Leu reduced FI and BWG (P < 0.05) and only affected FCR (P < 0.01) in the 1 st week of the study. Dietary level of Val and AA excess did not show interactive effects, except for FCR over the final 2 weeks of the study (P < 0.05). In conclusion, an interaction exists between dietary supply of Val and Trp on the zootechnical performance of post-weaning piglets and dietary AA excess for Ile, Leu and His, reduces growth performance of piglets in low-protein diets, independent of the dietary level of Val.
Introduction
The reduction of CP levels in diets is acknowledged to reduce nitrogen and ammonia emission from pig production, and therefore limits the environmental impact such as via less eutrophication to the aquatic environment and acidification of soils (Monteiro et al., 2017) . Moreover, it is well known that low-CP diets have a positive impact on the health status of weaned piglets (Gu and Li, 2004; Nyachoti et al., 2006; Wellock et al., 2006) .
The increased availability of feed-grade AA allows a further reduction of the dietary CP content and an increase of the nitrogen efficiency. Therefore, it is crucial to have knowledge on indispensable AA requirements of piglets in order to obtain a similar growth performance as with diets containing a higher CP content. For instance, a meta-analysis estimated the requirement of Trp at 22% as a ratio to standardized ileal digestible (SID) lysine (Lys), to maximize growth performance of piglets (Simongiovanni et al., 2012) . Another meta-analysis showed that a value of 69% SID Val to Lys ratio enables to obtain optimal performance of piglets . It was also noticed that piglets are sensitive to a deficiency in Val (Gloaguen et al., 2012) or an excess in Leu (Wessels et al., 2015) , which leads to a reduction of feed intake (FI) and therefore a deterioration of growth performance. Moreover, other studies established the requirement of Leu (Gloaguen et al., 2012 and 2013; Wessels et al., 2015) , Ile (Nørgaard et al., 2013; Soumeh et al., 2014) and His (Li et al., 2002) at 100%, 53% and 32% on a SID Lys ratio, respectively. Thus, the requirements of these AA are established and scientifically reported. However, it is also known that particular metabolic interactions between individual AA can impact piglet performance. As an example, a deficiency in Trp results in a drop in FI and lowers growth performance, especially in high-protein diets and when concentrations of large neutral AA (LNAA; phenylalanine (Phe), Tyr, Val, Leu, Ile) are in excess (Henry et al., 1992; Jansman et al., 2010) . An excess of dietary Leu is also accompanied by decreased plasma levels of Ile and Val and an increase in branched-chain AA (BCAA) catabolism, leading to a decrease of piglet performance (Wiltafsky et al., 2010) . Many studies have been performed to establish the AA requirements (Trp, Ile, Val, Leu) in piglets but only a few focussed on the impact of AA excess on piglet performance and their possible interactions. The present studies hypothesized that the dietary levels of Val and Trp affect the response of FI and growth performance (Experiment 1), and that the extent of dietary imbalance for Ile, His and Leu reduces performance of piglets in the post-weaning phase in dependence on the dietary level of Val (Experiment 2).
Material and methods
The experimental protocols of both experiments were approved by the Animal Care and Use Committee of Wageningen University and Research, the Netherlands.
Animal, housing and management A total of 320 castrated piglets (Great Yorkshire × Pietrain) × Dalland (Experiment 1) and 384 males piglets Topigs 20 and Topigs 40 (Experiment 2) were assigned to eight pens with eight replicates per treatment. Experiments 1 and 2 were carried out in two and three batches, respectively. Experiment 1 consisted in a pre-experimental period of 7 days and an experimental period of 28 days, starting at 34 days of age. Experiment 2 started at weaning (28 days of age) and lasted 34 days. For both experiments, piglets were distributed among pens to obtain the same mean BW per treatment per pen within a block of five (Experiment 1) or six pens (Experiment 2).
The average initial weight of piglets in Experiments 1 and 2 was 8.3 and 8.0 kg, respectively. During the experiments, piglets were housed in an artificially heated, ventilated and lighted pig unit with a specific-pathogen-free status. They were fed ad libitum and had free access to water via an automatic drinking service. In Experiment 1, all piglets were preventively treated against Streptococcus suis via the drinking water with the antibiotic Octacilline (Eurovet, Bladel, The Netherlands). This treatment was applied during days 1 to 5 of the experimental period for the first batch and during days 4 to 10 for the second batch.
Experimental diets
In Experiment 1, five experimental diets were formulated based on chemical analyses of the main ingredients for dry matter following the procedure from the International Organization for Standardization (www.iso.org; ISO 6496-1999) and for nitrogen according to the Dumas procedure (method V18-120, 1997 of the AFNOR group) using a Rapid N cube (Elementar France, Villeurbanne, France). Amino acid contents was determined using a JLC-500/V AminoTac Amino Acid Analyzer (Jeol, Croissy-sur-Seine, France) using the AFNOR method (standard NF EN ISO 13903). Methionine and cysteine were hydrolysed after oxidation with performic acid. Amino acids were separated by ion exchange chromatography and determined by photometric detection after derivatization by ninhydrin. Total Trp was analysed by HPLC after an alkaline hydrolysis with barium hydroxide using the AFNOR method (XP V18-114, 1998) . Further data of the nutritional value of feed ingredients were taken from Centraal Veevoederbureau (CVB) (2007) . Diets were based on wheat, barley, maize, soya bean meal, peas, whey powder and cane molasses (Table 1) . During the pre-experimental period, all piglets received a high CP diet (diet 5), containing 19.5% CP and formulated to meet all AA requirements according to the ideal AA profile of Gloaguen et al. (2013) . From day 34 until the end of the experimental period, piglets were offered one of the five experimental pelleted diets. For the diets 1 to 4, basal ingredients were mixed as one batch and were formulated to be deficient in Val (SID Val : Lys = 61%) and Trp (SID Trp : Lys = 18%). Then, diet 1 was supplemented with 1.0 g/kg L-Val to obtain diet 2, with 0.5 g/ kg L-Trp to obtain diet 3 and with 1.0 g/kg L-Val and 0.5 g/kg L-Trp to obtain diet 4. The dietary concentration of SID Lys was calculated to be slightly limiting at 1.03%. Diet 5 was formulated to be sufficient for all essential AA and was only supplemented with free L-Lys, DL-Met, L-Thr and L-Trp. The diets were analysed in duplicate by Ajinomoto Eurolysine S. A.S. Customer Laboratory (Amiens, France) for CP and total AA contents as further described above for the feed ingredients used. Based on these analyses, and information on the ileal AA digestibility of the feed ingredients and using the AA profile for basal endogenous AA losses per kilogram of dry matter intake according to the CVB (2007), dietary levels of SID AA were recalculated (Table 2 ). In diets 2 and 4, SID Val Jansman, Cirot, Corrent, Lambert, Ensink and van Diepen to SID Lys ratio (SID Val : Lys) was slightly above the assumed requirement (75.4% and 73.7% respectively), whereas SID Val : Lys was marginal relative to the assumed requirement in diets 1 and 3 (66.7%). For diets 3 and 4, SID Trp : Lys was at least at the requirement of piglets (22.8% and 23.1% SID Trp : Lys, respectively) and below the requirement for diets 1 and 2 (17.5% and 17.4% SID Trp : Lys, respectively). The level of net energy in the diets was kept constant among treatments (9.67 MJ/kg). Dietary CP content for diets 1, 2, 3, 4 and 5 was 17.7%, 17.8%, 17.6%, 17.8% and 19.5%, respectively.
In Experiment 2, six experimental diets were formulated after chemical analyses of the main ingredients on concentrations of dry matter, CP and AA by Ajinomoto Eurolysine S.A.S similar as described for samples of feed ingredients in Experiment 1 and their nutritional values according to CVB (2007) . Diets were based on maize, wheat, barley and soya bean meal (Table 3 ). For the preparation of diets 1 to 6, the basal ingredients were mixed as a single batch of basal diet. Experimental diets were prepared by supplementing the basal diet with required amounts of free AA, in exchange of maize starch. All diets were pelleted with addition of steam. The calculated level of SID Lys was 1.13% in each of the experimental diets and was supposed slightly limiting for maximum performance of piglets (Boisen, 2003; Barea et al., 2009 ). The levels of other indispensable AA in all diets were adequate or in excess relative to the concentration of SID Lys according to the proposed ideal AA profile of Gloaguen et al. (2013) (Table 4 ). Diets 1 to 3 were formulated to be limiting in Val (SID Val : Lys = 60%) and diets 4 to 6 contained a higher level of Val (SID Val : Lys = 70%). Compared to diets 1 and 4, diets 2, 3, 5 and 6 were additionally supplemented with free L-Ile (0.4 or 0.8 g/kg), L-His (0.24 or 0.48 g/kg) and L-Leu (1.5 or 3.0 g/kg), with increasing dose levels covering a range of excess that can be encountered in commercial diets. Dietary CP content in diets 1 to 6 varied between 17.5% and 18.1% and the net energy content was calculated to be 9.7 MJ/kg for each diet.
Animal performance
In both experiments, individual BW was measured at the start and at the end of the experimental period. In Experiment 1, piglets were weighed on days 0, 14 and 28 to determine the BW gain (BWG) for weeks 1 to 2, weeks 3 to 4 and for the overall period. In Experiment 2, piglets were weighed on days 0, 6, 20 and 34 post-weaning to determine the BWG for the 1st week, weeks 2 to 3, weeks 4 to 5 and for the overall period. Feed consumption was recorded per pen at each time point of animal weighing. From data on FI and BW, feed conversion ratio (FCR) was calculated. General health status of piglets was examined and mortality was reported.
Statistical analyses
The pen was the experimental unit in the both studies. Results (mean values per pen) were analysed statistically accordingly. For both experiments, effects of experimental factors on FI, BWG and FCR were analysed by ANOVA models (Genstat 5, release 18.1; Payne et al., 1993) . Data were analysed using block (initial live weight; four blocks per round (Experiment 1) and two or three blocks per round (Experiment 2)). A block is a set of pens in which each of the experimental treatment groups was equally represented. Experiment 1 was analysed as a 2 × 2 factorial design with the dietary level of Val and Trp and their interaction as Table 1 Ingredient and analysed nutrient composition of the respective experimental diets for the piglets for treatments 1 to 5 in Experiment 1 studying the interaction of dietary tryptophan and valine Amino acid interactions in piglets experimental factors (treatments 1 to 4). In addition, data of all treatments were analysed using an ANOVA model with experimental treatment (treatment 1 to 5) as experimental factor. If the overall treatment effects were significant, differences between treatments means were compared further using the Duncan's multiple range test. In Experiment 2, the results were also analysed using block, dietary Val level, dietary AA imbalance and their interaction as experimental factors as a 2 × 3 factorial design. Effects and differences were considered significantly different at P < 0.05 and were indicated as trends when P < 0.10.
Results

Nutrient composition of diets
Analysed nutrient composition of the diets for Experiments 1 and 2 are given in Tables 1 and 3, respectively. In Experiment 1, chemical composition of the diets was in agreement with the calculated composition, with the exception of a higher analysed Val concentration in the diets than calculated. In Experiment 2, analysed contents of CP and AA in the experimental diets were higher than calculated values. Analysed content of CP in experimental diets were between 1.8% and 2.1% higher than calculated. For all AA, analysed values were higher by on average 13% on a relative basis, meaning that concentrations for all AA expressed in ratio to Lys were still in line with expected values. Experiment 1 Results on piglet performance over the first and second 2 weeks periods and over the entire experimental period are presented in Table 5 .
Considering treatments 1 to 4, during the first 2 weeks, FI was lower for piglets on the low-Trp diets (P < 0.05), while for BWG and FCR there was a significant Trp × Val interaction (P < 0.05 and P < 0.01, respectively). Increasing the dietary level of Val decreased BWG and increased FCR when supplementing low-Trp diets with additional Val, whereas it improved BWG and decreased FCR in Trp sufficient diets. During weeks 3 and 4, FI decreased when increasing dietary Val level (P < 0.05), whereas BWG enhanced when the dietary Trp level was increased (P < 0.05). Feed conversion ratio was not affected by dietary level of Trp and Val. Over the entire experimental period, FI was affected by dietary Trp level (P < 0.05) and FCR by both dietary Trp and Val level (both P < 0.05), where increasing Trp level improved values while increasing dietary Val level reduced FI and increased FCR. For BWG, there was an interaction between dietary Trp and Val level (P < 0.05), similar as described for BWG over weeks 1 to 2 of the experimental period. Piglets fed the low-CP diet with adequate levels of Val and Trp (treatment 4) had the same BWG but showed an improved FCR (P < 0.05) compared to piglets fed the high-CP reference diet (treatment 5) over the entire experimental period. Table 6 . During the first 6 days of the experimental period, increasing dietary Val level improved FI, BWG and FCR (P < 0.01, P < 0.001 and P < 0.01, respectively). Increasing dietary AA excess for Ile, His and Leu decreased BWG and increased FCR. No interaction was observed between both experimental factors over this period. Over weeks 2 to 3, 4 to 5 and the entire experimental period, dietary level of Val increased FI and BWG (P < 0.001) and increasing dietary AA excess reduced FI (P < 0.05 for weeks 2 to 3 and 4 to 5 and P < 0.01 for weeks 0 to 5). In addition, BWG was reduced by dietary AA excess over the entire period (P < 0.05). Only, for FCR, an interaction was found between dietary Val level and AA excess over weeks 4 to 5 (P < 0.05), FCR values being highest the medium level of excess of Ile/His/Leu when using the low-Val diets, and for the lowest level of excess in the Val sufficient diets, respectively.
Discussion
Age effect
In both experiments, differences in animal performance were observed with regard to the effects of the dietary treatments between the first 2 weeks of the experimental period compared to considering the second part and the entire experimental period. In Experiment 1, the BWG of piglets fed the adequate Val and Trp, low-CP diet (treatment 4) was significantly higher than of piglets fed the Val and Trp deficient diet (treatment 1) only during weeks 0 to 2 of the experiment. In addition, FCR was significantly lower for piglets fed the adequate Val and Trp, low-CP diet (treatment 4) than for piglets fed the Val and Trp deficient diet only during weeks 0 to 2 (treatment 1), but not in weeks 3 to 4 of the experimental period. This suggests that the impact of a relative deficiency in Val and Trp in the diet was higher in the 1 st weeks post-weaning. The former might be related to a gradual drop in AA requirements in time after weaning, which might be different for individual AA in both absolute sense and relative to Lys. Alternatively, it could suggest that piglets in the immediate post weaning phase show a higher sensitivity towards AA deficiencies compared to older piglets. In Experiment 2, increasing AA imbalance for Ile, Leu and His decreased growth performance of piglets, in particular during the 1 st week when they were fed a Val adequate diet. During the remainder of the experiment, increasing AA imbalance for Ile, Leu and His numerically reduced FI and BWG in particular in piglets fed deficient Val diets. Again, the former might be related to relative changes in the requirement of individual AA in the post-weaning phase or piglets could be more sensitive to the AA imbalance during the 1 st weeks post-weaning when Val was supplied adequately and in the period thereafter when dietary Val supply was deficient.
Imbalance for branched-chain amino acids
The study of Gloaguen et al. (2012) showed that piglets rapidly detect Val deficiency or BCAA imbalance in the diet, leading to a reduction of FI and resulting in a reduction of growth performance. Results in Experiment 2 are in Amino acid interactions in piglets accordance with this study as increasing AA imbalance for Ile, Leu and His decreased both FI and BWG by on average 6% at the highest level of excess for Ile, His and Leu. In addition, the study showed a clear response of the piglets towards an increase dietary Val level from 60% to 70% relative to SID Lys and indicates that a value of 60% for Val relative to Lys is below requirement for maximum growth performance. A value of 70% for the requirement of Val has been suggested in more recent studies (Barea et al., 2009; Gloaguen et al., 2012; Soumeh et al., 2015) , which is higher than the value of 63% recommended by National Research Council (2012). Physiologically, the effects of AA imbalance for Ile, Leu and His as evaluated in the present study, can be related to different interactions between AA at systemic level in piglets. It has been shown that Leu can stimulate its own degradation via the branched-chain keto acid dehydrogenase (BCKDH), an enzyme complex, that catalyses the irreversible degradation of all BCAA, including Val and Ile (Wiltafsky et al., 2010) . Wessels et al. (2016a) showed that excessive dietary supply of Leu increased the activity of BCKDH in the brain, liver and cardiac muscle in post-weaning piglets and reduced the concentrations of free Val and Ile in most tissues. Therefore, imbalances in the dietary supply of BCAA might induce metabolic losses of specific indispensable AA, resulting in AA deficiency and preventing maximum body protein deposition and growth performance.
Interaction between tryptophan and large neutral amino acids Supplementing only free Trp to a Val and Trp deficient diet did not influence significantly growth performance of piglets. Thr  60  62  62  62  60  61  Trp  20  20  20  21  20  20  Val  62  60  62  72  70  71  Ile  56  58  63  56  59  63  His  32  34  35  32  34  36  Leu  101  114  128  102  114  128  Phe  65  64  65  66  65  65  Tyr  45  45  44  46  44  46  Phe + Tyr  110  109  109  111  109  110  Arg  78  77  78  79  78  79  Ala  55  54  55  55  55  54  Asp  111  111  111  112  109  110  Glu  270  269  272  274  269  271  Gly  51  51  52  52  51  52  Pro  92  91  92  94  92  93  Ser  64  65  65  65  64  64 1 Calculated values based on data from CVB (2007) and analysed concentrations of total amino acids in experimental diets. Jansman, Cirot, Corrent, Lambert, Ensink and van Diepen These results confirm the concept of the ideal AA profile and show that growth performance cannot be improved by Trp supplementation when another AA (Val) is limiting before Trp. A recent meta-analysis established a requirement at 22% SID Trp : Lys to maximize FI in piglets and therefore their growth performance (Simongiovanni et al., 2012) . It has been shown that Trp interacts with the other LNAA (Leu, Ile, Val, Phe, Tyr) at the level of the brain and share common transporters across the blood brain barrier (Henry et al., 1992; Fernstrom, 2013) . Excess of LNAA in Trp deficient diets Amino acid interactions in piglets reduces transport and availability of Trp at brain level. Trp is a precursor of serotonin in the brain, which plays a role in appetite regulation (Sève, 1999) . Moreover, in weaned piglets Trp enhances the plasma level of ghrelin (Zhang et al., 2007) , a gastrointestinal hormone which increases growth hormone secretion and appetite (Salfen et al., 2004) . Although the diets in Experiment 1 were less deficient for Trp compared to the former studies, resulting in a dietary Trp : LNAA ratio from 4.9 to 6.5 in the present study compared to values in the range between 2.9 and 4.7 in the study of Sève (1999) , an increase of Val concentration in the diet when Trp is deficient may have lowered Trp concentration in the brain resulting in a lower FI and concomitant BWG of piglets in Experiment 1. In Experiment 2, increasing dietary AA imbalance may also have reduced Trp concentration at brain level leading to a lower FI and growth performance of piglets. This was also demonstrated by Wessels et al. (2016b) who showed that plasma concentration of Leu was negatively correlated with the concentration of Trp in the hypothalamus and that hypothalamic Trp was positively correlated with hypothalamic serotonin. They also showed that Trp and serotonin concentrations in the brain were decreased, with an increase of the level of Leu in the diet in excess of requirement (Wessels et al., 2016a) . These results demonstrate the value of the ideal protein concept for piglets, aiming to supply essential AA via the diet in agreement with the requirements of these nutrients, preventing their excess or deficiency and optimizing growth performance.
Conclusion
The present work confirms the interaction between dietary supply of Val and Trp on the zootechnical performance of postweaning piglets. Increasing the dietary Val concentration from SID Val : Lys from 67% to 75% in low-protein diets increases BWG and tends to increase FI in piglets when Trp is supplied according to the requirement of piglets. Performance is reduced when increasing Val in Trp-deficient diets. In addition, beside minimum dietary concentrations of indispensable AA, imbalances in dietary AA, in particular for Ile, Leu and His, should be considered in formulating low-CP diets for piglets. Imbalances for Ile, Leu and His, as observed in practical diets, reduced growth performance of piglets. Therefore, it is essential to provide all indispensable AA according to requirement values, preventing both deficiency and excess, to achieve maximum growth performance in piglets.
